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Fibroblast Growth Factor Receptor (FGFR) is overexpressed in a wide variety of tumors, and therefore is
an attractive target for drug delivery. Recombinant FGF-1 was purified and attached to a fifth-generation
(G5) polyamidoamine dendrimer. The specific binding and internalization of this conjugate labeled with
FITC was demonstrated by flow cytometry as well as by confocal microscopic analysis in cell lines

expressing FGFR. The binding and uptake of FGF-conjugated dendrimers was completely blocked by
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excess nonconjugated FGF-1. Confocal microscopic analysis showed cytosolic as well as nuclear localiza-
tion. Multivalent G5-FGF nanoparticles may serve as a platform for cytosolic as well as nuclear drug
delivery in tumor cells, and as an FGF delivery agent for angiogenesis and wound healing. Our study
shows for the first time the applicability of a dendrimer nanodevice for tumor cell targeting through

© 2009 Elsevier Ltd. All rights reserved.

The fibroblast growth factors (FGFs) are a family of 23 identified
proteins which modulate diverse physiologic functions such as cell
proliferation, cell migration, wound healing, angiogenesis, and
tumorigenesis.!~® Their receptors (FGFR1-4), a family of four high
affinity receptors, form a ternary membrane complex with an
FGF and heparin sulfate. FGF-1 (acidic FGF; FGFa) is a 154-amino
acid protein which preferentially binds to FGFR1 and FGFR4 and
following internalization with the receptor, it is taken up also into
the nuclear compartment.”® FGFR is known to be overexpressed in
cancers such as those of the bladder, breast, prostate, and squa-
mous cells, and the overexpression can lead to tumor cell growth,
tumor invasion, and metastasis.'~® Although FGFR is also expressed
in normal cells,® the overexpression of this protein in tumors can
be exploited as a therapeutic strategy for tumor-targeted drug
delivery.'® Moreover, as the FGF signal pathways play a crucial role
in neovascularization, the FGF-based chemotherapeutic delivery
agent will compete with circulating FGF for binding to endothelial
cells, leading to vascular growth inhibition and tumor cell apopto-
sis.!! Protein toxins directly conjugated to FGF have been demon-
strated to preferentially kill tumor cells in vitro and in vivo.'2"1°
However, these toxin conjugates have the disadvantages of devel-
oping immunogenicity and toxicity. In this study, we report the
synthesis and FGFR-dependent tumor cell delivery of a dendri-
mer-FGF nanodevice. Dendrimer-based targeted delivery of a large
payload of drugs through the FGFR will overcome the limitations of
a simple ‘FGF-Toxin’ or ‘FGF-Drug’ conjugates.
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Recombinant FGF1 was initially prepared from bacterial culture
‘BL21 (DE3) pLysS’ carrying FGF-151_154 (kindly provided by Dr.
Prudovsky, Maine Medical Center, Maine). The presence of
FGF-1,1_154 in the culture was initially confirmed by PCR amplifica-
tion of the DNA plasmid template using primers spanning the
FGF-1,1_154 insert and additional nucleotides on the 5 and 3’ re-
gion of the insert (data not shown). The purification of the FGF-1
was performed as described before.'® The purity of the protein
was checked by SDS-PAGE and staining with silver stain (Fig. 1).

The purified FGF-1 was iodinated by the Chloramine-T method at
the Reproductive Biology Core facility of the University of Michigan.
The specific activity of the iodinated protein was ~100,000 cpm/ng.
The biologic activity of the purified FGF-1 was initially confirmed by
testing the '2°I-FGF for its efficacy to bind onto the FGFR-expressing
cell line SUM52. As shown in Figure 2, the purified protein bound to
the SUM52 cell line in a dose-dependent fashion.

The FGF-1 was then chemically conjugated to the generation 5
(G5) PAMAM dendrimer (Scheme 1). The G5-dendrimer was pre-
pared at the Michigan Nanotechnology Institute for Medicine and
Biological Sciences, University of Michigan, and was characterized
as described previously.!”

The molecular weight of the synthesized dendrimer was mea-
sured to be 26,530 g/mol by GPC, and the average number of pri-
mary amino groups was estimated to be 108 by potentiometric
titration. The amine terminated dendrimer was partially acetylated
to reduce the number of primary surface amines in order to mini-
mize the charge interactions with the biologic molecules. G5 den-
drimer (0.265 g, 0.0099 mmol) and triethyl amine (EtsN; 0.088 g,
0.8635 mmol) were dissolved in 30 ml anhydrous MeOH and
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Figure 1. SDS-PAGE of purified recombinant FGF-1. 0.7 pg purified protein was run
on a NuPAGETM 10% Bis-Tris gel (Invitrogen) for 35 min along with protein
molecular weight standards (left lane), and the protein was stained using a Bio-Rad
Silver Stain kit. The purified FGF-1 showed a single band that coincided with the
theoretical molecular weight of 15.4 kDa.

allowed to stir for 30 min. A solution of acetic anhydride (Ac,0;
0.076 g, 0.744 mmol) in anhydrous MeOH (15 ml) was added drop-
wise while stirring. The reaction mixture was allowed to stir over-
night at room temperature. After evaporation of the solvent, the
residue was dissolved in H,0 and dialyzed in 10000 MWCO regen-
erated cellulose dialysis bags initially against PBS buffer, followed
by water. The partially acetylated dendrimer was lyophilized to
give a colorless powder (0.270 g, 91.2%). The purity of the partially
acetylated compound and the extent of acetylation were evaluated
by 'H NMR, which showed a distinct signal for the terminal NHC-
OCH; protons at 6 1.85 ppm. The degree of acetylation was deter-
mined by comparing the ratio of the NHCOCH; protons with the
sum of all methylene protons in the dendrimer to a calibration
curve as described previously.!”

The fluorescent dye FITC was initially conjugated onto the den-
drimer. For this, a DMSO solution of FITC (Fl, 0.0058 g, 15.0 ptmol,
2 ml) was added dropwise to the G5-Ac (0.102 g, 3.4 umol) in
DMSO (10 ml). The reaction mixture was allowed to stir overnight.
The reaction mixture was diluted 1:1 in PBS, and the free dye was
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Figure 2. FGFR-expressing SUM52 cells cultured in 24-well plates was incubated
with different concentrations of purified FGF-1 containing 32 pM !?°I-FGF. Follow-
ing incubation for 1h at 4°C, the cells were washed 4 times with phosphate-
buffered saline and extracted with 0.5% Triton X-100, and the radioactivity was
measured in a y-counter.
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Scheme 1. Synthesis of FGF-dendrimer conjugate.

separated from the conjugate (G5-FI) by gel filtration on a Sepha-
dex G-25 column. The eluted conjugate was concentrated using a
Centricon device (10000 MWCO) and was dialyzed against PBS
and H,0 before lyophilization. The 'H NMR of the conjugate
showed broad signals in the aromatic region corresponding to
the FITC protons. The number of dye molecules attached to the
dendrimer was calculated to be 3-4, based on UV-Vis spectroscopy
and "H NMR.

For conjugation of the FGF-1, to a PBS solution of FGF-1 solution
(620 pgin 1.5 ml) was added N-(3-dimethylamineopropyl)-N'-eth-
ylcarbodiimide hydrochloride (0.002 g) followed by purified G5-FI
(1.7 mg, 0.05362 pmol, in PBS buffer). The reaction mixture was
stirred for ~48 h and the product (G5-FI-FGF) was purified by
extensive ultrafiltration against PBS and then H,O, using 10000
MWCO and 30000 MWCO Centricon devices, respectively, prior
to lyophilization. The final conjugate was characterized by 'H
NMR spectroscopy that showed peaks in the aliphatic region due
to the presence of the FGF peptide. UV-visible spectral analysis
showed absorbance at i,,x 500 nm specific for FI. As the FGF and
FI absorb at 280 nm, the molar quantity of FGF present in the con-
jugate was difficult to ascertain by UV analysis.

The uptake of the conjugate was initially tested in the FGFR-
expressing MCR5 endothelial cell line. The conjugate bound to
the MCR5 cells, and the binding was reversed by excess free FGF,
demonstrating receptor-specific binding (Fig. 3).

The binding of the conjugate was further tested in two addi-
tional cell types (Fig. 4). The breast cancer cell line MCF7 showed
only a modest increase in the binding of the conjugate, whereas
the MCR endothelial cell line and the PC3 prostate cancer cell line
showed significant specific binding. This is consistent with previous
studies showing largely negative expression of the FGFR in un-stim-
ulated MCF7 cells'® and positive expression of the FGFR4 in the PC3
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Figure 3. FGFR-dependent uptake of G5-FI-FGF in MCR fibroblasts. The cells were
incubated with 300 nM of the conjugate for 1 h at 37 °C in the presence or absence
of 15 uM free FGF and then rinsed, and the FL1 fluorescence was determined in a
flow cytometer.
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Figure 4. Comparison of the uptake of G5-FI-FGF in different cell lines, as
determined by flow cytometry. The cells were incubated with 300 nM of the
conjugate for 1 h at 37 °C and then rinsed, and FL1 fluorescence was measured.

prostate cancer cell line.'® The observations that the G5-FI-FGF con-
jugate bound to two different FGFR-expressing cell lines, that the
control dendrimer G5-FI failed to bind to the FGFR-expressing cells,
and that the G5-FI-FGF failed to associate with the FGFR-negative
MCF7 cells all indicate receptor-specific binding of the conjugate.
The competition between the binding of the conjugates and the free
FGF further confirmed the specificity of binding.

Chem. Lett. 20 (2010) 700-703

Internalization of the conjugate was demonstrated in the PC3
cell line by confocal microscopic analysis (Fig. 5). Internalization
was observed as early as 1 h, and significantly larger uptake was
observed in 24 h. The conjugate was primarily localized in the
cytosolic compartment, similar to conjugates of the dendrimer
with other molecules such as folic acid,?® antibodies®!?? and
EGF.?3 A confocal microscopic z-series analysis of the fluorescence
of single cells confirmed intracellular localization of the conjugate
(data not shown). Perinuclear and nuclear localization are also ob-
served, as has been shown before for free FGF.8'824 and for G5-
EGF conjugate.?®> Therefore the FGF-Dendrimer nanodevice may
serve as a suitable platform for the targeted delivery of chemother-
apeutic drugs with their cellular actions localized in either the
cytosol (e.g., methetrexate) or in the nucleus (e.g., doxorubicin).

FGF-mediated signal transduction events play a crucial role in
wound healing.?* Matrix-based systems using poly (b, L-lactic-co-
glycolic acid) microspheres,?® lipid micelles,?® gelatin hydrogels,?’
and collagen sponges?® have been reported for the sustained deliv-
ery of FGF. Our recent studies have shown that a polyvalent conju-
gate of PAMAM dendrimer with epidermal growth factor (EGF) acts
as a super-agonist to stimulate cell growth.??> A polyvalent dendri-
mer-FGF conjugate may also serve as a sustained FGF delivery
agent in therapies such as angiogenesis, wound healing and neuro-
protection.?>29-31

G5-FI-FGF, 1 h

Figure 5. Internalization of G5-FI-FGF in PC3 cells. Cells grown on cover slips were incubated with 300 nM each of G5-FI-FGF or the control conjugate G5-FI at 37 °C for 1 or
24 h. Cells were rinsed and fixed with paraformaldehyde, mounted using solution containing the nuclei stain DAPI, and the fluorescence was measured in an Olympus
confocal microscope. The green stain shows the conjugate fluorescence, and the blue stain shows the cell nuclei stained with DAPI. The white and the orange arrows show
nuclear and perinuclear localization, respectively.
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In conclusion, our studies show for the first time the suitability
of PAMAM dendrimer as a platform for molecular delivery into
cells through covalently conjugated FGF-1 on the dendrimer sur-
face. Studies are in progress to test the suitability of this platform
for in vivo tumor drug delivery.
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